Azlocillin was relatively ineffective against actively growing cultures of Pseudomonas aeruginosa in tests of bacteriolytic and bactericidal activity in which ticarcillin demonstrated pronounced bactericidal effects over a wide range of concentrations. Microscopic observation showed that azlocillin generally induced the formation of filamentous cells of P. aeruginosa which lysed only slowly, but ticarcillin caused the production of spheroplasts and subsequent rapid lysis. During the course of the bactericidal tests, azlocillin was inactivated, presumably by the fi-lactamase produced by P. aeruginosa, and the filamentous cells resumed normal cell division and growth. In contrast, there was no loss of ticarcillin activity, and there was no evidence of resumption of growth of P. aeruginosa in the presence of ticarcillin. These results suggest that the different bactericidal effects demonstrated by azlocillin and ticarcillin against P. aeruginosa are related primarily to dose-related differences in inhibition of cell wall synthesis and secondarily to the instability of azlocillin to pseudomonal /3-lactamase.
Azlocillin was relatively ineffective against actively growing cultures of Pseudomonas aeruginosa in tests of bacteriolytic and bactericidal activity in which ticarcillin demonstrated pronounced bactericidal effects over a wide range of concentrations. Microscopic observation showed that azlocillin generally induced the formation of filamentous cells of P. aeruginosa which lysed only slowly, but ticarcillin caused the production of spheroplasts and subsequent rapid lysis. During the course of the bactericidal tests, azlocillin was inactivated, presumably by the fi-lactamase produced by P. aeruginosa, and the filamentous cells resumed normal cell division and growth. In contrast, there was no loss of ticarcillin activity, and there was no evidence of resumption of growth of P. aeruginosa in the presence of ticarcillin. These results suggest that the different bactericidal effects demonstrated by azlocillin and ticarcillin against P. aeruginosa are related primarily to dose-related differences in inhibition of cell wall synthesis and secondarily to the instability of azlocillin to pseudomonal /3-lactamase.
There are at present two classes of penicillins known to possess significant activity against Pseudomonas aeruginosa. These comprise the a-carboxypenicillins, carbenicillin and ticarcillin, possessing an acidic group in the side chain of the molecule, and the acylaminopenicillins, derivatives of ampicillin or amoxycillin with a basic group in the side chain (12) . Examples of the latter group include the two ureidopenicillins, azlocillin and mezlocillin (3, 7, 8, 15) , which are available in Europe, and apalcillin (4, 10, 11) and piperacilin. (6, 14, 17, 18) , which are in widespread clinical trial.
From the results of published studies it is evident that there are pronounced differences between the a-carboxypenicillins and the acylaminopenicillins with regard to the antibacterial effects produced against P. aeruginosa. For instance, the antipseudomonal activity of the latter is greatly influenced by inoculum size (3, 6, 15) , and this has been correlated with instability to the f8-lactamase of P. aeruginosa (2) .
In addition, the bactericidal activity of ureidopenicillins against P. aeruginosa has been reported to be much less than that of carbenicillin or ticarcillin (6, 7, 13, 14) , although in other studies little or no difference was observed in this respect between the two classes of penicillins (5, 15, 18) .
This study was designed to compare the bactericidal effects produced by azlocillin and ticarcillin against P. aeruginosa, as measured by tests of bacteriolytic activity, viable count studies, and observation of the morphological effects produced by the two penicillins. Morphological effects. Samples were taken from the shake cultures during the course of the bactericidal tests described above and carefully mixed with equal volumes of 2.0% (wt/vol) glutaraldehyde fixative in double-strength veal infusion. The osmolality of double-strength veal infusion (253 mOs/kg) was similar to that of pooled human serum (270 mOs/kg). The glutaraldehyde fixative was shown in preliminary experiments to preserve the morphology of the bacteria and to prevent any further antibacterial activity of the pencillins. Specimens for microscopy were mounted on a thin film of agar prepared by spreading 0.8% agar (Difco) over the surface of a glass cover slip (22 by 50 mm) which was trimmed to a 10-mm square after the agar had solidified. The sample was placed in the center of the agar and covered with a second cover slip for high-resolution microscopy using a Zeiss WL microscope fitted with differential interference contrast optics. Table 1 show the MICs of azlocillin and ticarcillin against the three test strains of P. aeruginosa. The activity of azlocillin was greatly influenced by the size of inoculum, and the compound was relatively inactive when tested against 108 cells/ml, but showed a high level of activity against 106 cells/ml (MIC = 4.0 jig/ml). The inoculum effect observed with ticarcillin was much less than that obtained with azlocillin, and ticarcillin was more active than azlocillin against the larger inoculum, whereas azlocillin was the more active of the two compounds in the tests against the smaller number of cells (106 cells/ml).
RESULTS

MICs. The results in
Bacteriolytic effects. The comparative rates of lysis of P. aeruginosa NCTC 10662 by azlocillin and ticarcillin are illustrated in Fig. 1 . At the higher concentrations tested, 2,500 and 5,000 jig/ml, azlocillin produced a degree of inhibition of growth of the organism, but there was no evidence of bacteriolysis. At a lower concentration, 1,000 ,ig/ml, azlocillin produced little effect, and the growth of the culture was similar to that of the untreated control culture. In NCTC 10662 at concentrations from 250 to 1,000 jig/ml. The onset of lysis was dependent upon concentration, so that after addition of 250 jig of ticarcillin per ml, growth of the culture continued at the same rate as the control culture for 60 min, after which time rapid lysis occurred, whereas at a higher concentration (1,000 jig/ml), onset of lysis occurred after about 30 min.
Bactericidal effects. The bactericidal activities of azlocillin and ticarcilin against logarithmic-phase shake cultures of P. aeruginosa NCTC 10662, P. aeruginosa 11, and P. aeruginosa ATCC 27853 are shown in Fig. 2 (Fig. 3) , and the antibiotic concentrations present at 3, 6, and 24 h were measured by microbiological assay. As in the previous tests, the bactericidal effects produced by azlocillin were much less than those demonstrated by ticarcil-0P. aeruginosa filamentous forms at all concentrations tested up to 2,500 ,ug/ml. For instance, the effects produced by a concentration of 1,000 Ag of azlocillin per ml are illustrated in Fig. 5 . After 2 h, the elongated cells were 4 to 10 cells long and appeared undamaged, but at 4 h, when the filaments were about 20 to 40 cells in length, there was evidence of lysis of a proportion of the filamentous cells. However, at 24 h most fields contained only large numbers of normal shaped cells, but in a few fields a small number (<1.0%) of filnentous cells were also present, some of which were in the process of division with the formation of normal cells.
The effects produced by ticarcillin on the morphology of P. aeruginosa NCTC 10662 were quite different from those observed with azlocillin. For instance, in the presence of 250 jig of ticarcillin per ml, elongated cells (average length, 2 to 6 cells) with bulges or spheroplasts were observed at 60 min (Fig. 6a) , and the number of cells (2 to 8 cells long) with spheroplasts increased notably by 90 min (Fig. 6b) . There was evidence of extensive lysis by 3 h (Fig. 6c) , although a few normal cells were also present, and at 24 h only cell debris was seen (Fig. 6d) .
At a higher concentration (500 jig of ticarcillin per ml), some cell elongation (2 to 4 cells long) was evident at 60 min, but a significant proportion of the cells showed spheroplast formation (Fig. 6e) , and there was rapid lysis of the culture from 90 min onwards. In the culture ofP. aeruginosa NCTC 10662 containing 1,000 ,ug of ticarcillin per ml, there was no significant cell elongation, and the fornation of spheroplasts was observed within 30 min (Fig. 6f) . This culture lysed rapidly, and cell debris only was seen from 60 min onwards.
DISCUSSION
The three cultures studied here were selected 250 Lg/ml at 90 min; (c) 250 pg/ml at 3 h; (d) 250 pg/ml at 24 h; (e) 500 #)g/ml at 60 min; (f) 1,000 pg/ml at 30 min. Differential interference phase contrast (magnification, x825).
lytic and morphological effects to be studied, it was inevitable that inactivation of the ureidopenicillin should occur during the course of the tests.
However, the data also show that significant differences exist in the bactericidal effects demonstrated by azlocillin and ticarcillin against P. aeruginosa, apart from those that might be attributed to ,8-lactamase instability. For instance, in the bacteriolytic tests, the ureidopenicillin failed to cause any significant lysis of the test organism during the course of the test, even in the early stages when high concentrations were present, whereas ticarcillin produced rapid lysis, the onset of lysis being dependent upon the concentration of penicillin present in the culture. These differences were observed also in the viable count studies, in which azlocillin, at relatively high concentrations, brought about only a small reduction in the bacterial numbers after a delay of 3 h or longer. The bactericidal effect lasted for a short time only, after which regrowth occurred and the viable counts of azlocilhintreated cultures became the same as the con-VOL. 18, 1980 on June 26, 2017 by guest http://aac.asm.org/ Downloaded from 188 WHITE, COMBER, AND SUTHERLAND trols. In contrast, ticarcillin produced rapid bactericidal effects in keeping with the lytic effects described above, significant reductions in the viable counts were observed over a wide range of concentrations, and there was no evidence of regrowth of the organisms during the tests.
The activities demonstrated by the two penicillins in the bacteriolytic and bactericidal tests were consistent with the different effects produced on the morphology of the test strains of P. aeruginosa. With azlocillin, long cell or filamentous cells were observed at most concentrations, and there was evidence only of transient lysis of these cells occurring after 3 or 4 h at concentrations of 1,000 and 2,500,ug of azlocillin per ml. At lower concentrations, there was no evidence of lysis of the filaments. As incubation continued, the bacterial filaments were replaced by normal cells, which initially arose from division of the filaments. It seems likely that the resumption of normal growth from the filamentous population occurred as a result of inactivation of the antibiotic by the fi-lactamase activity of the organism. At a higher concentration, 10,000,ug of azlocillin per ml, there was evidence of both cell elongation and spheroplast formation, and the morphological effects produced were reminiscent of those observed in cultures containing 250 ,Ig of ticarcillin per ml.
In the case of ticarcillin, the extent of kill was uniform over a wide range of concentrations in that, in the presence of25 to 1,000 ,Ig ofticarcillin per ml, there was a fall in the viable counts of the cultures of about 99.9% after 24 h of incubation. However, the onset of bactericidal activity was obviously dose related and coincided with the appearance of spheroplasts and subsequent lysis. For instance, at 250 ,ug/ml there was evidence of cell elongation in the initial incubation period, and spheroplasts were seen in the majority of cells from 90 to 120 min after addition of the antibiotic. At a higher concentration, 500 ,ig/ml, cell elongation was less, and spheroplasts were prominent from 60 to 90 min, whereas at a concentration of 1,000 Ig/ml, there was no cell elongation, and spheroplast formation and lysis occurred from 30 min onwards. The morphological response, filament formation with azlocillin, and spheroplast production by ticarcillin were similar in veal infusion containing human serum (50% [vol/vol] ).
These observations suggest that the differences in the bactericidal effects seen with azlocillin and ticarcillin are due primarily to doserelated differences in inhibition of cell wall synthesis and secondarily to the /3-lactamase instability of azlocillin. Further studies will be required, particularly in vivo, to assess any possible clinical significance of the differences of the bactericidal activities of azlocillin and ticarcillin against actively growing cultures of P. aeruginosa.
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